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Abstract: We generate 10 GHz microwave signals from an optical reference cavity using the
transfer oscillator scheme with a free-running optical frequency comb. We demonstrate phase noise
<-100 dBc/Hz at 1 Hz frequency offset from the carrier. © 2021 The Author(s)

Currently, the lowest noise microwave signals are generated via frequency division of high-stability optical
references (OFD) [1-3] using femtosecond laser frequency combs (FLFCs). In contrast to OFD, which requires tight
phase locking of the FLFC to an optical reference, the transfer oscillator (TO) technique [4] employs analog and
direct digital synthesis to create a feedforward correction signal to cancel the FLFC noise from the generated
microwave signal. As a result, the transfer oscillator technique generates environmentally robust and long-term
microwaves even with a free-running FLFC. Additionally, the TO technique permits higher bandwidth suppression
of FLFC noise than is possible via physical feedback actuators [5]. While OFD has demonstrated transfer of the
fractional stability of an optical reference to the microwave domain enabling room-temperature generation of
electronic signals with 107! instability, the best reported close-to-carrier noise generated using the TO oscillator
technique has been -60 dBc/Hz at 1 Hz offset [5], limited by the measurement system noise floor. Here we use the
TO technique to transfer the stability and phase noise of an optical reference at 1157 nm to 10 GHz and demonstrate
an absolute close-to-carrier phase noise of -107 dBc/Hz, and a 1-second fractional frequency instability below 107!,
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Fig. 1. Phase noise comparison between two optical frequency combs that are used to derive low-noise microwaves from high-stability
optical cavities. The comb based on Ti:sapphire employs classical optical frequency division (OFD) based on tight stabilization of the comb

to a 1070 nm ULE optical cavity, whereas the free-running Er/Yb:glass based comb employs the transfer oscillator (TO) technique.

In our measurements, we use a 500 MHz free-running optical frequency comb based on Er/Yb-doped glass to
extract a 10 GHz signal from a 1157 nm optical reference cavity using the TO technique [4]. As seen in Figure 1, an
optical beat between reference cavity light and a comb tooth (f,) is detected and mixed with the offset frequency
(fceo) to remove its noise contribution. This signal is then frequency divided and used to remove the comb noise from
the 20" harmonic of the 500 MHz oscillator producing a high-stability 10 GHz signal.
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To validate the TO technique, the TO output signal at 10.005 GHz is compared directly to the 10 GHz signal
generated via classical OFD of a 1070 nm optical reference using a Ti:Sapphire (Ti:S) frequency comb [6] by
creating a 5 MHz beat between them. This beat is analyzed with a digital phase noise measurement system. Figure 2
compares the 10 GHz signal coming directly from the free-running OFC to the 10 GHz signal after it is passed
through the TO electronics. Also shown is the combined noise floor of the H-maser reference and measurement test
set. As seen in Figure 2, the TO technique enables greater than 100 dB of noise suppression from the free running
FLFC at 1 Hz offset from the carrier. The latter permits the extraction of 10 GHz signals with a phase noise below -
100 dBc/Hz. While the close-to-carrier noise generated via the TO technique is comparable to that previously
demonstrated via OFD, the high frequency noise floor is limited by quantization noise in the DDS at -150 dBc/Hz.
An additional electronic noise source in the TO technique are IQ mixers that contribute -110 dBc/f noise close to the
carrier.
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Fig. 2. Phase noise comparison of the extracted 10 GHz microwaves from the Er/Yb:glass laser as compared to a Ti:Sapphire based FLFC.
The orange and blue traces shows the 10 GHz phase noise of the Er/Yb:glass laser obtained via OFD and the transfer oscillator technique,
respectively. The blue trace demonstrates that the transfer oscillator technique can generate phase noise with close to carrier noise comparable
to OFD and demonstrates > 100 dB of close-to-carrier noise suppression of the free running laser noise.

In conclusion, using the transfer oscillator technique, we demonstrate high-fidelity division of a high-stability
reference to 10 GHz and generate close-to-carrier phase noise microwave signal comparable with that obtained via
OFD. In the future, we plan to simultaneously generate 10 GHz signals from multiple optical references at different
optical frequencies using the TO technique using a single FLFC. The latter experiment has natural application to
microwave timescales derived from optical references.
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